The reproducibility of the extratropical teleconnection in East Asia associated with the Madden-Julian Oscillation (MJO) during the boreal winter is evaluated in the 20 th century experiment (20C3M) outputs from 16 global climate models participating in the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4). It is revealed that five of the models (BEST models) realistically simulate the MJOextratropical convection teleconnection. These models successfully represent the MJO convective signals better than the other models. Through analysis of the wave activity flux and Rossby wave source (RWS), the upper-level extratropical wave train induced by MJO convection is demonstrated to propagate northeastward along the Asian jet with its reinforcement, which eventually a¤ects the convective variability in East Asia. The BEST models pronouncedly reproduce the extratropical wave train and RWS. However, the other models produce unrealisCorresponding author: Chiharu Takahashi, Research Institute for Global Change, Japan Agency for MarineEarth Science and Technology, 2-15 Natsushima-cho, Yokosuka, Kanagawa 237-0061, Japan. E-mail: takachi@jamstec.go.jp 6 2012, Meteorological Society of Japan tic or no extratropical wave trains due to unrealistically produced RWSs, although all models realistically exhibit the climatological absolute vorticity over the Asian jet as a waveguide. Furthermore, only the BEST models reproduce the low-level moisture transport with southerlies from the tropics into East Asia, which are associated with realistically reproduced anticyclonic circulation over the North Pacific, that is largely formed as a Rossbywave response to the cooling anomaly with meaningful suppressed convection over tropical western and central Pacific. In summary, correctly simulating the intensity of the MJO convection and its eastward propagation into the Pacific is necessary in order to predict the wintertime climate variability over East Asia.
Introduction
The Madden-Julian Oscillation (MJO; Madden and Julian 1994) may influence extratropical circulation through teleconnection by changing the tropical diabatic heating (e.g., Higgins and Mo 1997; Matthews et al. 2004) . This link between the tropics and extratropics has often been explained by using framework of barotropic Rossby wave propagation forced by the Rossby wave source (Sardeshmukh and Hoskins 1988) . The MJO extratropical circulation appears to be a mixture of the direct Rossby wave response to tropical heating and interaction between the divergent and rotational flow embedded in Rossby wave-like disturbances (e.g., Hsu 1996) . The MJO-related circulation anomalies can extract energy from the mean flow by barotropic conversion (e.g., Hsu 1996; Matthews et al. 2004; Mori and Watanabe 2008) .
Among the global midlatitudes, East Asia is especially known as one of the regions in which the most dominant signals of circulation anomalies induced by the MJO are observed. Significant circulation anomalies often cause climate anomalies in East Asia. Several studies have investigated the remote influences of the MJO on the weather in East Asia (e.g., Jeong et al. 2008; Kim et al. 2006; He et al. 2011) . These researchers demonstrated that the observed precipitation and convective activity increase considerably in the wintertime East Asia region when the center of convection associated with the MJO is located over the tropical Indian Ocean, while they decrease when the center is located over the western Pacific. Kawamura et al. (1996) showed that the MJO-related convective forcing excites a barotropic Rossby wave train extending to the central North Pacific that is approximately along the great circle. Jeong et al. (2008) suggested that the relationship between the MJO phase and precipitation anomaly can be explained by the strong vertical motion anomalies that occur near the entrance region of the East Asian uppertropospheric jet and the moisture supply in the lower troposphere. He et al. (2011) proposed a direct link between the MJO and East Asian precipitation through the local Hadley cell and a circulation anomaly with the equatorially trapped Rossby gyres forced by the MJO heating.
A realistic MJO simulation is a prerequisite for better simulation of climate variability because the latent heat released by clouds and precipitation drives teleconnections to the subtropics and extratropics. In most of the general circulation models (GCMs) participating in the Intergovernmental Panel on Climate Change Fourth Assessment Report (IPCC AR4), the MJO signal in the convective activity is not properly simulated (e.g., Lin et al. 2006; Sato et al. 2009 ). Most climate models produce overly weak MJO variance and lack highly coherent eastward propagation of the MJO, compared to observations (Lin et al. 2006) . Models with moisture convergence-type convection schemes simulate the MJO signal well in precipitation (Lin et al. 2006; Sato et al. 2009 ). Several previous studies have evaluated the model status of simulation for MJO-extratropical teleconnection by IPCC AR4 GCMs. Lin et al. (2010) found that a few models simulate a teleconnection from MJO in the tropical Pacific to intraseasonal variations of precipitation over the United States. However, no multimodel evaluation of the MJO-teleconnection over East Asia during the boreal winter has been conducted.
The present study aims to evaluate the model performance of the MJO-extratropical teleconnection over the ''East Asia and the Northwestern Pacific'' (EANP) region (25 N-40 N and 110 E-170 E) during the boreal winter in IPCC AR4 GCMs. We focus on the MJO teleconnection of atmospheric circulation over extratropical Asia and North Pacific, which a¤ects convection over East Asia when the convective anomaly associated with MJO is located over the Indian Ocean.
Data and methodology
The sixteen global coupled models used in this study are listed in The MJO signal is estimated by filtering the daily OLR data for the characteristic eastwardpropagating zonal wavenumbers (1-5) and periodicities (20-80 days) on the basis of technique of Wheeler and Weickmann (2001) . The indices of MJO convection are defined by averaging the MJO signals for the tropical Indian Ocean overall (10 S-10 N, 50 E-100 E). The lag regression analysis to the MJO indices is performed with daily anomalies of OLR, winds, and specific humidity during the boreal winters (November-March). Twenty to eighty days band-pass filtered anomalies of the velocity potential (w), winds, and relative vorticity at 200 hPa are calculated to extract the intraseasonal variability in the tropics. To extract the variability including higher-frequencies in the extratropical region, 10-80 days band-pass filtered anomalies for a 300 hPa streamfunction (c) are applied.
Simulated MJO-teleconnection
3.1 Reproducibility of convection anomalies related to the MJO We first examine the observed convection in the EANP region related to the eastward-propagating MJO convective anomalies. The time-longitude diagrams of the regressed OLR anomalies to the MJO indices in the tropics and the midlatitudes are shown in Fig. 1 . As the enhanced MJO convection develops near the western Indian Ocean on about day À10, the enhanced convective anomaly begins to appear in the EANP region. This enhanced convective anomaly in the EANP region is most apparent from about day À5 through day 3, when the tropical MJO convection strengthens over the western to central Indian Ocean. In this study, we focus on the evolution of the convective anomaly forced in the EANP region.
To examine the relationship between the midlatitude convection and the MJO convective signal in the CMIP3 models, the skill scores of the regressed OLR to the MJO indices in the tropics (15 S-15 N, 50 W-160 W) and the midlatitude EANP region are calculated for the 16 models following the definition in Eq. (4) by Taylor (2001) (Fig. 2) . A high positive correlation between the tropics scores and the midlatitude scores is found, with a correlation coe‰cient of approximately 0.69. Twelve models have good skill scores of above 0.6 in the tropics. Five (BCCR, CNRM, ECHO-G, CNRM, and ECHAM5: i.e., BEST models) of the twelve models also show high scores of above 0.6 over the midlatitude region. Seven (GFDL2.0, GFDL2.1, INGV, IPSL, MIROC-hi, MIROC-med, and MRI: i.e., GOOD models) of the twelve models show relatively low scores in the midlatitudes. The other four models (i.e., OTHERS models) have poor skill scores for both the tropics and midlatitudes. The skill scores are calculated from the pattern correlations (R) and ratios of the standard deviations (SD) obtained between OLR regressed to the MJO index in observation (OBS) and that in each model. The average for the R between the OBS and BEST models over the tropics (0.83) indicates no significant di¤erence from that of the GOOD models (0.80), as shown in Table 1 . However, the average SD over the tropics in the BEST models (6.8 W m À2 ) is significantly larger and closer to OBS (6.1 W m À2 ) than that in the GOOD models (4.2 W m À2 ). Furthermore, the SD of the MJO indices in BEST, GOOD, and OTHERS are 10.7, 6.1, and 3.0 W m À2 , respectively (8.1 W m À2 in OBS). These results suggest that the amplitude of the MJO in the tropics plays a major role in producing good simulations of the midlatitude convection which may be enhanced by a MJOextratropical teleconnection. -170 E) for the 16 models. The black star indicates the average score for all models. The regression line and correlation coe‰cient R are also plotted. The solid and dashed ellipses show the BEST and GOOD models, respectively.
Evolution of extratropical circulation anomaly
Hereinafter, we examine the relationship between the evolution of the extratropical circulation anomaly accompanied by the eastward movement of MJO convection and the generation of enhanced convective anomaly in the EANP region. To analyze the evolution of the extratropical circulation anomaly, the wave activity flux (WAF) defined by Takaya and Nakamura (2001) is calculated for filtered 300 hPa stream-function anomalies. Figure 3 shows the lag-composite map of 10-80 days bandpass filtered 300 hPa streamfunction anomalies and WAF for OBS from day À6 to day þ3. For the lagcomposite maps, a peak day (day 0) is defined as a minimum of the MJO index (peak of the negative OLR anomaly) when the index normalized by the standard deviation is smaller than À1. The OLR anomalies regressed to the MJO index are also illustrated. At day 0 (Fig. 3c) , an anomalous anticyclonic circulation (marked as A1), which seems to be a Rossby-wave response to anomalous convective heating associated with the MJO, is formed near India. In addition, a cyclonic anomaly (C1) over southeast China, anomalous anticyclone (A2) east of Japan, and anomalous cyclone (C2) over the central North Pacific all formed. These circulation patterns are consistent with those shown by previous studies (e.g., Matthews et al. 2004) .
As the enhanced convective anomaly associated with the MJO propagates to the tropical central Indian Ocean from day À6 to day À3 (Figs. 3a-3b ), A1 is formed west of India. From day À3 to day þ3 (Figs. 3b-3d ), a pronounced northeastward WAF emanating from A1 to the east of Japan along the Rossby wave train (A1-C1-A2) is observed. The cyclonic and anticyclonic anomalies are found to grow up as part of the wave train.
Here, A2 appears in the vicinity of Japan; the wave train emanating from the tropics meets here with another wave train originating from Europe and going southeastward on day À9 (not shown). A2 is obviously amplified after day À6. As the tropical enhanced MJO convection moves eastward over the maritime continent, these circulation anomalies also weaken after day þ5 (not shown). Thus, the evolution of anticyclonic circulation anomaly east of Japan formed by the establishment of the well-organized extratropical wave train seems to eventually influence the convective activity in the EANP region. Figure 4 shows the composite map of 300 hPa streamfunction anomalies and WAF with regressed OLR anomalies for 16 models at day 0. The BEST models (Figs. 4b, 4e-4f, 4o-4p ) well simulate the northeastward WAF emanating from the anticyclonic anomalies over India accompanied by the enhanced MJO convections and reasonably well reproduce the features of the observed anomalous circulation pattern (as A1-C1-A2 shown in Fig. 3) . The GOOD models (Figs. 4g-4h, 4k-4l, 4m-4n , and 4q) also generate anticyclonic circulation anomalies near the Arabian Peninsula or India, but their magnitudes are weaker than those of the OBS and BEST models (except for GFDL2.1). With respect to the extratropical wave trains emanating from the anticyclonic anomalies extending to the western North Pacific, several models (INGV, IPSL, MIROC-hi, and MRI) produce weak circulation anomalies that organize the wave trains, and GFDL2.0 has the formation of di¤erent wave pattern. GFDL2.1 and MIROC-med simulate relatively-similar wave trains to OBS, but the Fig. 4 . Same as Fig. 3(c) , but for OBS and the 16 models at day 0. The labels on the BEST and GOOD models are depicted with red and blue, respectively.
anomalous anticyclones east of Japan (such as the observed A2) are shifted more to the east. The OTHERS models (Figs. 4c-4d and 4i-4j), there are little (GISS-AOM and FGOALS) or much weaker (CGCM-T47 and CGCM-T63) formations of anomalous anticyclones over India and wave trains compared to those of OBS.
To verify whether the Rossby wave train is excited and amplified by anomalous convections with the MJO, Rossby wave sources (RWS) (Sardeshmukh and Hoskins 1988) are examined. RWS is defined as follows:
The first and second terms on the right-hand side of Eq.
(1) denote the advection (Radv) and divergence (Rdiv) e¤ects, respectively. Radv means the wintermean absolute vorticity (z a ¼ z þ f ) advection over the Asian jet stream by a divergent wind anomaly (V w ). f is the Coriolis parameter. The third terms is negligible compared to the other two terms (not shown). Composite maps of 200 hPa RWS, Radv, Rdiv, winter-mean meridional gradient of absolute vorticity (qz a =qy), velocity potential anomaly (w200), V w , and divergence anomaly (' Á V w ), for OBS and the model composites at day 0 are shown in Fig. 5 . In OBS (Fig. 5a ), the negative RWS is observed over northern India and East Asia. This negative RWS is obviously contributed by Radv over north- ern India and Rdiv in the vicinity of Japan (Figs. 5e and 5i). The anomalies in w200 indicates the divergent and convergent wind anomalies over the Indian Ocean and central Pacific, respectively, as shown in Fig. 5e . The divergent wind anomalies (negative w200) extends northward across the region in a large qz a =qy band at 20 N-30 N (Figs. 5a and 5e). The anticyclonic circulation anomaly A1 (Fig. 3c ) and northeastward WAF appear over northeastern India, where the negative Radv and RWS are observed. These results demonstrate that the wave train (A1-C1-A2 in Fig. 3c ) along the Asian jet is excited by the divergent wind anomaly associated with MJO convection located over Indian Ocean, which is in agreement with the findings by Mori and Watanabe (2008) . They showed the excitation of a wave train by divergent winds associated with the MJO along the Asian jet and its development into the PNA (Pacific North American) pattern.
The large divergence anomaly is observed over Japan (Fig. 5i) , where the anomalous anticyclonic circulation A2 (Fig. 3c) is evolved. This divergence anomaly obviously contributes to the significant negative Rdiv and RWS near the core of z along the Asian jet stream (Fig. 5a and 5i ), which agrees with the results of Hsu (1996) . The divergence anomaly over East Asia is assumed to result from the local Hadley circulation forced by the suppressed convective anomaly associated with MJO in the western Pacific, as demonstrated by He et al. (2011) . These results lead to the interpretation that the anomalous anticyclonic circulation, as part of the wave train excited over northern India, is reinforced over East Asia by the e¤ect of the divergence anomaly induced by the MJO.
All models reproduce qz a =qy well along the Asian jet at around 50 E-100 E (Figs. 5a-5d ). However, the magnitude and distribution of w200 and the divergence anomaly associated with MJO convective anomalies in the models di¤ered from those of OBS. The BEST models simulate pronounced divergent wind anomalies (Fig. 5f ) associated with a strong MJO convective signal over the Indian Ocean. Remarkable negative Radv and RWS are generated around the Arabian Peninsula and India along the Asian jet (Figs. 5b and 5f ). The locations of the negative RWSs coincide with anticyclonic circulation anomalies (as shown in Fig. 4) , suggesting that the formation of the wave train originated from the MJO convective anomalies. The BEST models also represent a distinguished anomalous divergence over East Asia, corresponding to the anomalous convergence associated with the MJO over the western Pacific (Fig.  5j) . Therefore, large negative Rdiv and RWS are reproduced in the vicinity of Japan (Figs. 5b and 5j) .
Most of the GOOD (OTHERS) models produce weaker (much weaker) divergent wind anomalies extending northward from the Indian Ocean (Figs.  5g-5h) and divergence anomalies over East Asia due to weaker convergence anomalies in the western Pacific (Figs. 5k-5l) . These results indicate the weaker formations of negative RWS by Radv and Rdiv along the Asian jet stream than those of OBS and BEST models, which leads to the evolution of weak or little wave trains forced by the MJO convection. As other remarkable characteristics, the regions of minimum RWS in GOOD models exists over southern China and western North Pacific, but not over India and Japan (Fig. 5c) , indicating the eastward shift of the peaks in negative RWS compared to that of OBS and BEST models (Figs. 5a-5b) . Several GOOD models (GFDL2.1, MIROC-med, and MRI) that have these di¤er-ences simulate east-shifted wave train patterns (Figs. 4h, 4n, and 4q) . The result indicates that the di¤erence in position of the MJO suppressed convection over the western Pacific also makes a di¤er-ence in the formation pattern of the wave trains in the models.
In summary, the above results suggest that a significant MJO convective signal over the Indian Ocean excites a well-organized extratropical wavetrain pattern emanating over India and across East Asia and Japan extending to the North Pacific, and the suppressed convection associated with the MJO over the western Pacific plays a role in reinforcing the extratropical anomalous anticyclonic circulation, which may eventually induce the evolution of anomalous convection in the EANP region.
Low-level circulation and moisture anomaly
Along with the upper-level circulation, the convective variability in the EANP region related to the MJO signal is influenced by the low-level circulation (e.g., Jeong et al. 2008) . Figure 6 shows the 850 hPa regressed circulation and moisture anomalies to the MJO indices at day 0 in OBS and the 16 models. In OBS (Fig. 6a) , a large anticyclonic circulation anomaly is generated over the North Pacific with an anomalous high around the Philippines Sea. Significant anomalous easterlies over the tropical Pacific, apparently the result of a Kelvin-Rossby wave response, merge with anomalous westerlies in the east of the enhanced MJO convection peak and turn into southwesterlies over South Asia. This circulation pattern is consistent with the results of Kim et al. (2006) and Jeong et al. (2008) . Notably, a barotropic structure is established to the east of Japan over the western North Pacific, as indicated by the upper-level anomalous anticyclonic circulation (A2 in Fig. 3 ) that forms there. Consequently, the southwesterlies bring about the predominant moisture transport and warm air advection (not shown) from the tropical Indian Ocean through the eastern coastline of East Asia to the south of Japan. Such a situation is helpful for convections to be triggered near Japan.
The BEST models (Fig. 6b) well reproduce the anomalous anticyclonic circulation over the North Pacific and around the Philippines Sea, the tropical anomalous easterlies, and southerlies from the tropics into Japan. However, the models represent the centers of the anomalous anticyclones that are shifted 20 west of that in OBS and exhibit weaker moisture transport. The GOOD and OTHERS models (Figs. 6c-6d ) exhibit weak formations of anomalous easterlies over the Pacific, and anticyclonic circulation over the North Pacific and Philippine Sea. Therefore, the models reproduce no significant moisture transport with southerlies from the tropics into Japan, which is not presumed to be a favorable situation for the convective activation in the EANP region.
Summary and discussion
The present study examines the reproducibility of the MJO-midlatitude teleconnection during the boreal winter for 20C3M experiments in IPCC AR4 GCMs, and examines its possible impacts on circulation and convection over the EANP region.
It is found that five of the 16 models (BEST) well simulate the MJO-midlatitude convection teleconnection. Overall, they adequately reproduce the MJO convective signals compared with observation. Four of the BEST models correspond to those with high skill scores with regard to the MJO signal in the tropics (Sato et al. 2009 ). Analyses of the wave activity flux and the RWS indicate that the BEST models pronouncedly reproduce the upperlevel extratropical wave train. The wave train is excited around the north of India by anomalous divergent winds associated with the MJO convection over the Indian Ocean. It propagates northeastward with its reinforcement through Japan into the western North Pacific along the Asian jet. However, the other models did not produce a realistic RWS and extratropical wave train induced by the MJO convection, although all models reasonably simulate the wave-guide by the climatological absolute vorticity gradient over the Asian jet.
The BEST models also reproduce the anomalous anticyclonic circulations over the North Pacific and Philippines with the tropical easterly anomaly at the low-level. These anticyclonic circulations result in the significant southerlies from the tropics into south of Japan. However, the other models simulate no significant southerlies. This is due to the model discrepancy that the anticyclonic circulation over the North Pacific and Philippines are not well reproduced in these models. As is demonstrated by He et al. (2011) , the Rossby wave response to the anomalous cooling over the tropical western Pacific contributes more to the formation of the low-level anticyclonic circulation over the North Pacific and Philippine Sea than the Kelvin wave response to the anomalous heating over the tropical Indian Ocean. In most of the other models, the suppressed convections associated with the anomalous cooling over the western Pacific was not well simulated. This is due to the lack of an eastward propagation of the MJO convections into the western and central Pacific (e.g., Sperber and Annamalai 2008) .
The increase and decrease of the precipitation and convective activity over the wintertime East Asia associated with the MJO are roughly coincident with the enhancement and suppression of synoptic-scale transient activity at low-levels, respectively (e.g., Jeong et al. 2008; He et al. 2011) . When the MJO convective signal is located in the Indian Ocean, the intensification of the upper-level anticyclonic circulation by the MJO as part of a wave train over Japan and the western North Pacific (as A2 in Fig. 3 ) results in the weakening of the upper tropospheric westerly jet (baroclinicity) over East Asia. As the wintertime strong westerlies weaken, the synoptic eddy activity in the low-level tends to increase over the North Pacific (e.g., Nakamura 1992; Chang 2001; Nakamura et al. 2002) . Chang (2001) and Nakamura et al. (2002) showed that the amplitude of the eddies under the weakend jet increases through strengthened vertical coupling due to an enhanced energy conversion from the mean-flow available potential energy into the eddy kinetic energy for growth. Hence, it is suggested that the convective activity increases in association with the enhancement of synoptic-eddy activity under the suppressed upper-level westerly in the EANP region. With respect to the low-level moist air with southerly and convective activity, He et al. (2011) also demonstrated that an enhanced transient eddy activity and southwesterly moisture flux convergence associated with the MJO may contribute to positive precipitation anomaly over southeastern China and south Japan. Our results indicate that the anomalous southerlies bring about warm and moist air into East Asia as shown in OBS and BEST models (Figs. 6a-6b) , which results in the moisture convergence over south Japan. The results suggest that the enhancement of the convective activity in the EANP region is caused by the lowlevel moisture transport and increase of the synoptic eddy activity. The relationship between change in the synoptic eddy activity and modulation of the atmospheric circulation associated with the MJO needs to be further investigated for a more complete understanding of the MJO-extratropical teleconnection.
Our results suggest that the upper-level wave train induced by the enhanced convection over the Indian Ocean with its amplification and the lowlevel Rossby-wave response over the western North Pacific associated with the tropical suppressed convections over the western Pacific play essential roles in the convective variability and weather in the EANP region. In order to predict the wintertime climate variability in East Asia, it is important to appropriately reproduce the intensity and propagation of the MJO in the climate models.
JRA-25 long-term reanalysis by the Japan Meteorological Agency (JMA) and the Central Research Institute of the Electric Power Industry (CRIEPI). The OLR data are provided by the NOAA/OAR/ ESRL PSD, Boulder, Colorado, USA.
